Alterations in histones, chromatin-related proteins, and DNA methylation contribute to transcriptional silencing in cancer, but the sequence of these molecular events is not well understood. Here we demonstrate that on disruption of estrogen receptor (ER) ␣ signaling by small interfering RNA, polycomb repressors and histone deacetylases are recruited to initiate stable repression of the progesterone receptor (PR) gene, a known ER␣ target, in breast cancer cells. The event is accompanied by acquired DNA methylation of the PR promoter, leaving a stable mark that can be inherited by cancer cell progeny. Reestablishing ER␣ signaling alone was not sufficient to reactivate the PR gene; reactivation of the PR gene also requires DNA demethylation. Methylation microarray analysis further showed that progressive DNA methylation occurs in multiple ER␣ targets in breast cancer genomes. The results imply, for the first time, the significance of epigenetic regulation on ER␣ target genes, providing new direction for research in this classical signaling pathway.
INTRODUCTION
The steroid hormone estrogen is important for normal breast development, but it is also important for growth and progression of breast cancer. The molecular actions of estrogen are mediated by estrogen receptors (ERs), ER␣ and ER␤. On ligand binding, ER␣ functions as a transcription factor by either binding to DNA targets or tethering to other transcription factors, such as AP-1 and SP-1 (1). These molecular interactions have been shown to positively or negatively modulate the activity of ER␣ downstream genes important to breast epithelial development.
It is known that estrogen signaling regulates the growth of some breast tumors, and antiestrogen therapies can effectively block this growth signaling, resulting in tumor suppression (2) . However, most tumors eventually develop resistance to this endocrine therapy, and antiestrogens are mostly ineffective in patients with advanced disease (2) . Mechanisms underlying this hormonal resistance are complex, involving intricate interactions between ER␣ and kinase networks (1, 2) . In addition, epigenetic silencing of ER␣ is known to contribute to the antiestrogen resistance (1, 2) . An emerging theme not yet investigated in this field is the subsequent influence on the expression of ER␣ downstream target genes.
Epigenetics can be defined as the study of heritable changes that modulate chromatin organization without altering the corresponding DNA sequence. DNA methylation, the addition of a methyl group to the fifth carbon position of a cytosine residue, occurs in CpG dinucleotides (3) and is a key epigenetic feature of the human genome. These dinucleotides are usually aggregated in stretches of 1-to 2-kb GC-rich DNA, called CpG islands, located in the promoter and first exon of ϳ60% of human genes (3, 4) . Promoter methylation is known to participate in reorganizing chromatin structure and also plays a role in transcriptional inactivation (3, 5) . Studies have suggested that the CpG island in an active promoter is usually unmethylated, with the surrounding chromatin displaying an "open" configuration, allowing for the access of transcription factors and other coactivators to initiate gene expression (6 -8) . Furthermore, transcription factor occupancy may make the promoter inaccessible to repressors or other chromatinremodeling proteins. In contrast, the CpG island in an inactive promoter may become methylated, with the associated chromatin exhibiting a "closed" configuration. As a result, the methylated area is no longer accessible to transcription factors, disabling the functional activity of the promoter (7, 9, 10) .
Recent studies have shown that establishing transcriptional silencing of a gene involves a close interplay between DNA methylation and histone modifications (7, 11) . This process may be achieved by recruiting histone-modifying enzymes, such as histone deacetylases, which mediate posttranslational modification at the NH 2 terminus ends of histones (7, 11) . As a result, chromatin modifications form distinct patterns, known as the "histone code," that may dictate gene expression (12) (13) (14) .
Two models have been offered to describe the molecular sequence leading to the establishment of epigenetic gene silencing. One model suggests that histone modifications are the primary initiating event in transient repression (15, 16) . DNA methylation subsequently accumulates in the targeted CpG island, creating a heterochromatin environment to establish a heritable, long-term state of transcriptional silencing. However, a second model is that DNA methylation can actually specify unique histone codes for maintaining the silenced state of a gene (17) (18) (19) (20) . In this case, DNA methylation may precede histone modifications. Clearly, this epigenetic process is complex, and multiple systems may be implemented for genes participating in different signaling pathways.
In this study, we investigated whether the removal of ER␣ signaling triggers changes in DNA methylation and chromatin structure of ER␣ target promoters. By using RNA interference (RNAi) to transiently disable ER␣ in breast cancer cells, we show, for the first time, that polycomb repressors and histone deacetylases assemble on the promoters of interrogated ER␣ target genes to participate in long-term transcriptional silencing. These events are later accompanied by a progressive accumulation of DNA methylation in the promoter re-Small interfering RNA-treated cells and control cells were lysed in the presence of proteinase inhibitors. One hundred micrograms of protein were subjected to 7% SDS-PAGE and transferred to immunoblot membranes. The membranes were then incubated with mouse anti-ER␣ (MAB463; Chemicon) and labeled secondary antibody. GAPDH was used a loading control.
Chromatin Immunoprecipitation-Polymerase Chain Reaction. Cultured cells (2 ϫ 10 6 ) were cross-linked with 1% formaldehyde and then washed with PBS in the presence of protease inhibitors. The cells were resuspended in lysis buffer, homogenized using a tissue grind pestle to release nuclei, and then pelleted by centrifugation. SDS-lysis buffer from a chromatin immunoprecipitation (ChIP) assay kit (Upstate Biotechnology, Lake Placid, NY) was used to resuspend the nuclei. The lysate was sonicated to shear chromatin DNAs and then centrifuged to remove cell debris. The supernatants were transferred to new tubes and incubated overnight with an antibody against ER␣, YY-1, or EZH2 (Santa Cruz Biotechnology); HDAC1, MBD2, or MeCP2 (Upstate Biotechnology); and DMNT1, DNMT3a, or DNMT3b (Imgenex, San Diego, CA). Agarose slurry was then added to the mixture, and the chromatin-bound agarose was centrifuged. The supernatant was collected and used for total input (it serves as a positive control) in the ChIP-PCR assay. After elution, proteins were digested from the bound DNA with proteinase K. Phenol/chloroform-purified DNA was then precipitated and used in ChIP-PCR assays for a progesterone receptor (PR) promoter region. The primer sequences were 5Ј-GGCTTTGGGCGGGGCCTCCCTA (sense strand) and 5Ј-TCTGCTGGCTCCGTACTGCGG (antisense strand). After amplification, 32 P-incorporated PCR products were separated on 8% polyacrylamide gels and subjected to autoradiography using a Storm PhosphorImager (Amersham Biosciences).
Methylation-Specific Polymerase Chain Reaction. Genomic DNA (1 g) from each sample was bisulfite-converted using the EZ DNA Methylation Kit (Zymo Research Corp., Orange, CA), according to the manufacturer's protocol. The converted DNA was eluted with 40 L of elution buffer and then diluted 50 times for methylation-specific PCR (MSP). The primer sets designed for amplifying the methylated or unmethylated allele of the PR locus are listed in Supplementary Table S2 . All PCR reactions were performed in PTC-100 thermocyclers (MJ Research, Watertown, MA) using AmpliTaq Gold DNA polymerase (Applied Biosystems).
32 P-incorporated amplified products were separated on 8% polyacrylamide gels and subjected to autoradiography using a Storm PhosphorImager (Amersham Biosciences).
Combined Bisulfite Restriction Analysis. Combined bisulfite restriction analysis (COBRA) was carried out essentially as described previously (23) . Bisulfite-modified DNA (ϳ10 ng) was used as a template for PCR with specific primers flanking the interrogated sites (TaqI or BstUI) of an ER␣ downstream target. Primer sequences used for amplification are listed in Supplementary Table S3 . After amplification, radiolabeled PCR products were digested with TaqI or BstUI, which restrict unconverted DNA containing methylated sites. The undigested control and digested DNA samples were run in parallel on polyacrylamide gels and subjected to autoradiography. The percentage of methylation was determined as the intensity of methylated fragments relative to the combined intensity of unmethylated and methylated fragments.
Chromatin Immunoprecipitation on Chip. MCF-7 cells (2 ϫ 10 7 ) were used to conduct ChIP with an antibody specific for ER␣ following the protocol described (see Chromatin Immunoprecipitation-Polymerase Chain Reaction). After chromatin coimmunoprecipitation, DNA was labeled with Cy5 fluorescence dye and hybridized to a genomic microarray panel containing ϳ9,000 CpG islands (24) . Microarray hybridization and posthybridization washes have been described previously (25) . The washed slides were scanned by a Gene Pix 4000A scanner (Axon, Union City, CA), and the acquired microarray images were analyzed with GenePix Pro 4.0 software. This ChIP-on-chip experiment was conducted twice.
Positive CpG island clones were sequenced, and the derived sequences were used to identify putative transcription start sites by Blastn 5 or Blat. 6 Both Genomatrix 7 and TFSEARCH 8 programs were then used to localize the consensus sequences of the estrogen response elements (EREs) and other related transcription factor binding sites (AP-1, SP-1, cAMP-responsive element binding protein, and CEBP).
Differential Methylation Hybridization. Differential methylation hybridization (DMH) was performed essentially as described previously (25, 26) . Briefly, 2 g of genomic DNA were digested by the 4-base frequent cutter MseI, which restricts bulk DNA into small fragments but retains GC-rich CpG island fragments (24) . H-24/H-12 PCR linkers (5Ј-AGGCAACTGTGCTATC-CGAGGGAT-3Ј and 5Ј-TAATCCCTCGGA-3Ј) were then ligated to the digested DNA fragments. The DNA samples were further digested with two methylation-sensitive endonucleases, HpaII and BstUI, and amplified by PCR reaction using H-24 as a primer. After amplification, test DNA from siRNAtreated cell lines or clinical samples was labeled with Cy5 (red) dye, whereas control DNA from the mock-transfected cell lines or normal female blood samples was coupled with Cy3 (green) dye. Equal amounts of test and control DNAs were cohybridized to a microarray slide containing 70 ER␣ promoter targets (average, 500 bp) identified from the ChIP-on-chip results. Posthybridization washing and slide scanning are described above. Normalized Cy5/Cy3 ratios of these loci were calculated by GenePix Pro 4.0.
Shrunken Centroids Analysis. DMH microarray data were analyzed by the procedure described online. 9 This program incorporates graphic methods for automatic threshold choice and centroid classification.
Statistical Analyses. Differences of methylation or mRNA levels in experimental studies were analyzed by a paired t test. Methylation differences between two tumor groups were determined with a Pearson's 2 test. P Ͻ 0.05 was considered statistically significant.
RESULTS

RNA Interference Transiently Knocks Down Estrogen Receptor ␣ Expression in Breast Cancer Cells. Although several in vitro
systems and mouse models are available for analysis of estrogen signaling, to our knowledge, the recently described RNAi (27) has not been actively used in this area of research. We therefore used this technology to specifically repress ER␣ gene expression via targeted RNA degradation (28, 29) . Six different ER␣ siRNAs, two of which have sequences homologous to a splice variant, were synthesized (Fig. 1A ). These siRNAs (40 nmol/L) were individually transfected into MCF-7, an ER␣-positive human breast cancer cell line. MCF-7 cells were cultured in the presence of E 2 . Quantitative RT-PCR analysis showed that, 24 hours after transfection, two siRNAs, siRNAs 1 and 17, were capable of repressing ER␣ transcripts (Fig.  1B) . Specifically for siRNA 1, we observed a Ͼ93% decrease of ER␣ mRNA. Immunofluorescence (Fig. 1C ) and Western blot (Fig. 1D ) analyses confirmed that this RNAi also dramatically reduced ER␣ protein synthesis. This inhibitory effect appeared to be transient, and the expression of ER␣ protein reappeared in cultured cells 4 weeks after RNAi withdrawal (Fig. 1D) .
Epigenetic Silencing of the PR Gene Is Triggered by Estrogen Signal Disruption. We hypothesized that disruption of ER␣ signaling by siRNA may lead to the silencing of some positively regulated ER␣ targets governed by epigenetic mechanisms. To this end, a known ER␣ downstream target, the PR gene, was investigated in detail. In Fig. 2A and B, quantitative RT-PCR analysis showed that by 36 hours after treatment of MCF-7 cells with siRNA 1, the level of PR transcripts (PR-A and PR-B) was reduced by Ͼ95% (paired t test, P Ͻ 0.0001). Next, ChIP-PCR was performed to determine the status of chromatin remodeling at the 5Ј-end of the PR gene. The protein-DNA complexes were immunoprecipitated with antibodies to ER␣ or to specific modified histones (acetyl-H3, acetyl-H3-K9, and methyl-H3-K4) known to specify active transcription (7, 30) . As shown in Fig. 2C , the presence of these active chromatin components was diminished over a period of 36 hours, coinciding with decreased ER␣ binding to the PR promoter region. We speculated that this initial transcriptional inactivation might trigger further recruitment of repressor molecules to the PR promoter CpG island to subsequently establish a long-term silencing state. ChIP-PCR assays were conducted with a panel of antibodies raised for the polycomb repressors YY-1 and EZH2, histone deacetylase HDAC1, methyl-CpG-binding proteins MBD2 and MeCP2, and DNA methyltransferases DMNT1, DNMT3a, and DNMT3b. At 36 hours after siRNA treatment, YY-1 and EZH2 were bound to the promoter region (Fig. 2D) . These polycomb proteins have previously been shown to target the regulatory regions of homeobox genes, the resulting repression of which can be tissue specific and important for early embryonic development (31, 32 ). Here we demonstrate for the first time that these proteins have an additional role in repressing an ER␣ target gene. Furthermore, the PR promoter was seen, at 36 hours, to recruit HDAC1 (Fig. 2D) , a protein known to deacetylate histone protein tails, creating a repressive heterochromatin environment in the targeted promoter area (7, 9, 10) . However, at this early time point (36 hours), ChIP-PCR analysis did not detect the presence of the DNA methyltransferase DNMT1 in the PR promoter CpG island area (Fig. 2D) , nor did we observe the presence of MBD2 or MeCP2, which are known to bind methylated CpG sites. Only a faint band corresponding to DNMT3b was detected in the PR promoter area by 36 hours after ER␣ siRNA treatment of MCF-7 cells. Except for DNMT3a, the recruitment of these repressive proteins to the PR promoter CpG island was evident by 168 hours after siRNA treatment.
To further determine whether the recruitment of these epigenetic components could trigger de novo DNA methylation, MSP assays (33) were conducted to survey two 5Ј-end regions of PR at different time periods after siRNA treatment. As shown in Fig. 3A , PR methylation was detected in amplified bisulfite-treated DNA only at 36 hours after treatment. This observation was independently confirmed by conducting semiquantitative COBRA (23) . In the assay, ϳ10% of MCF-7 cells showed methylation in one ( Fig. 2A, TaqI-2 ) of the two PR TaqI sites analyzed 36 hours after siRNA treatment (Fig. 3B) . Both of these sites became methylated at a later time point (168 hours) of treatment (Fig. 3B ). This study implies that acquired DNA methylation is a late event and that the density of DNA methylation may gradually accumulate at the 5Ј-end of PR after disrupting ER␣ signaling by siRNA.
Next, we determined whether this acquired promoter methylation could be observed in ER␣-negative breast tumors. COBRA was therefore conducted in 32 primary tumors (16 ER␣-negative and 16 ER␣-positive tumors) and 7 normal controls (see representative examples in Fig. 3C ). Consistent with the in vitro findings, PR promoter hypermethylation occurred more frequently in ER␣-negative tumors (45%) than in ER␣-positive tumors (10%) ( 2 test, P Ͻ 0.05). Reexpression of PR Requires Both Estrogen Signal Restoration and DNA Demethylation. The in vitro experimental results described above are based on transient siRNA treatment. To determine whether this signal disruption has a lasting impact on PR expression, we took advantage of an ER␣-negative cell subline, C4-12, derived from ER␣-positive MCF-7 cells by long-term hormonal depletion (34) . A recent study has indicated that PR gene expression is absent in this cell line (35) . We therefore examined whether stably reexpressing ER␣ could restore PR gene activity in several established C4-12 Fig. 3A ). The region amplified for CO-BRA is underlined, and the two vertical arrows indicate the interrogating TaqI restriction (TCGA) sites (see Fig. 3C) . B, time course inhibition of PR transcripts by siRNA treatment. MCF-7 cells were transfected with ER␣ siRNA 1 for the indicated time periods (8, 24 , and 36 hours) and harvested for real-time RT-PCR. Mock-transfected cells were harvested at the 36 hour time point. Primers were designed to amplify a common region of the two known PR transcripts. Relative levels of PR transcripts were normalized against that of the GAPDH loading control. Results from three independent experiments are shown as means Ϯ SE. C, ChIP-PCR assay for activating chromatin modifications on the PR CpG promoter island. Chromatin DNA was immunoprecipitated with antibodies specific for ER␣, acetylated histone H3 (acetyl-H3 and/or acetyl-H3-K9), or dimethyl-H3-K4. DNA fragments were amplified with a primer pair located in a PR CpG island region (indicated in A). The final radiolabeled products were separated on 6% polyacrylamide gels and subjected to autoradiography. In, total input; Ϫ, without antibody; ϩ, with antibody. D, ChIP-PCR assays for repressive chromatin modifications on the PR promoter CpG island region at 36 and 168 hours after ER␣ siRNA treatment. Antibodies against polycomb repressors (YY-1 and EZH2), histone deacetylase (HDAC1), methyl-CpG binding proteins (MBD2 and MeCP2), and DNA methyltransferases (DMNT1, DNMT3a, and DNMT3b) were used in ChIP-PCR assays. In, total input; Ϫ, without antibody; ϩ, with antibody.
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Research. Fig. 4A, inset) .
Treatment of these subclones (e.g., C4-12/ER#86 in Fig. 4A ) with E 2 , however, failed to induce PR mRNA expression, demonstrating that reintroduction of ER␣ alone was insufficient to reactivate expression of a silent PR gene. To determine whether loss of PR expression was due to DNA methylation, C4-12/vec (i.e., cells stably transfected with empty vector) and C4-12/ER#86 cells were pretreated with 5-AzadC, a DNA demethylating agent, before E 2 treatment. As shown in Fig. 4A , sequential treatment with 5-AzadC followed by E 2 resulted in reexpression of PR mRNA in C4-12/ER#86 cells, but not in C4-12/vec cells, demonstrating that both ER␣ expression and DNA demethylation are required to restore PR expression. To further confirm that reactivation of the PR gene was due to DNA demethylation, the methylation status of the PR promoter CpG island region was examined by MSP (Fig. 4B) . In contrast to MCF-7 cells in which the PR promoter CpG island was unmethylated (Fig. 3A) , methylation was observed in both C4-12/vec and C4-12/ER cells (Fig. 4B , Lanes 1, 2, and 5-10). However, after treatment with 5-AzadC, PR promoter methylation was partially reversed in C4-12/vec cells (Fig. 4B , Lanes 3 and 4) and completely removed in C4-12/ER#86 cells (Fig. 4B,  Lanes 11 and 12) . Together, these results demonstrate that the silencing of PR is maintained, in part, by DNA methylation in the ER␣-negative C4-12 cells and that reactivation of the PR promoter requires both the presence of ER␣ and DNA demethylation.
DNA Methylation of Multiple Estrogen Receptor ␣ Downstream Targets Is Triggered by Disrupting Receptor Signaling.
To determine whether this epigenetically mediated silencing is a generalized event, we used ChIP-on-chip, a novel microarray-based method developed in our laboratory (36, 37) , for a genome-wide screening of ER␣ downstream targets. In this case, we probed a panel of ϳ9,000 arrayed CpG island fragments with anti-ER␣-coimmuo- Fig. 3 . DNA methylation analysis of the PR promoter by MSP and COBRA. A, bisulfite-treated DNA samples from siRNA-and mock-treated cells were used for amplification with specific primers for MSP1 and MSP2 (see Fig. 2A ). Radiolabeled PCR products for unmethylated (Lanes U) and methylated (Lanes M) DNA strands were separated on 6% polyacrylamide gels. B. For COBRA, bisulfite DNA samples from siRNA-and mock-treated cells were amplified and digested with TaqI enzyme and then separated on polyacrylamide gels. The digested DNA fragments (a, b, and c) indicated by the arrows reflect methylation of TaqI restriction sites within the PR promoter CpG island (see Fig. 2A ). An asterisk indicates PCR artifact or primer-dimer. C, COBRA of PR promoter in ER␣-positive and -negative breast tumors. The percentage of positive methylation was calculated as the intensity of methylated fragments relative to the combined intensity of unmethylated and methylated fragments (right panel). All DNA methylation data shown here are representative of at least three independent experiments. A. Expression levels of PR mRNA in C4-12/Vec and C4-12/ER cells were determined after treatment with the indicated doses of 5-AzadC for 5 days, followed by 10 nmol/L E 2 for 24 hours. PR mRNA levels were measured by quantitative real-time RT-PCR and normalized using ␤-actin mRNA levels. The results (XϮ SE) are shown from two independent experiments, each in triplicate. ER␣ expression in C4-12 cells #86 (A, inset) was detected by immunoblotting with an anti-ER␣ antibody. B, analysis of PR promoter by MSP assay. Bisulfite-treated DNAs from cells treated with or without 5-AzadC were amplified with specific primers for the PR promoter CpG island (i.e., the MSP1 region in Fig. 2A ). Radiolabeled PCR products for unmethylated (Lanes U) and methylated (Lanes M) DNA strands were separated on 6% polyacrylamide gels. MSP data shown here are representative of three independent experiments.
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Research. programs. These computational algorithms identified a total of 70 unique ER␣ promoter targets, which were used to construct a subpanel genomic microarray (see a partial list of the genes in Supplementary Table S4 ). The previously described DMH method (25, 26) was then used to determine the DNA methylation status of these ER␣ targets in siRNA-treated versus mock-treated MCF-7 cells. Amplicons representing genomic pools of methylated DNAs were prepared from these treated cells using our established protocols (25, 26 To analyze our microarray data, we adapted the "shrunken centroids method" (38) to define the threshold setting for class prediction of methylated ER␣ target loci. This approach can be used to uniquely define the threshold level that statistically discriminates ER␣ loci commonly methylated in siRNA-treated cells from the same loci in mock-treated cells. After initial evaluation of the microarray data, we chose the threshold value 2.0 that generates less error (Յ0.3) for cross-validation (data not shown). When the cross-validation variances from individual samples were plotted (Fig. 5A) , many ER␣ target loci could be used to discriminate between siRNA-treated cells and mock-treated counterparts (manifested as having many loci with no misclassification error) at the 168 hour time point. However, this threshold level was not sufficiently stringent to discriminate between the mock-and siRNA-treated cell samples at 24 or 36 hours (manifested as having very few loci with low misclassification error). In  Fig. 5B , the actual methylation status of individual loci, in comparison with the predicted centroids, is plotted to present an overall change of DNA methylation at different time periods of siRNA treatment. Relative to the overall predicted centroids, a positive value of a locus Fig. 5 . Acquired DNA methylation in multiple ER␣ downstream targets after estrogen signal disruption. Seventy ER␣ downstream targets were analyzed by DMH, as described in the text. Fluorescence-labeled methylation amplicons were prepared from siRNA-treated (24, 36, and 168 hours) and mock-treated (168 hours) MCF-7 cells, respectively, and cohybridized to ER␣ microarray slides. The hybridization output is the measured relative intensity of fluorescence reporter molecules. A, test error for different values of shrinkage. Shrunken centroids analysis was conducted using methylation microarray datasets (see detailed description in the text). Tenfold cross-validation was used to estimate the error rate, when a different degree of shrinkage was used to generate the centroids. B. Predicted centroids, shown as horizontal units, represent log ratios of DNA methylation. The order of the 70 ER␣ target loci is arbitrary. Methylation changes were seen only in a few loci at 24 or 36 hours after siRNA treatment; however, a significant methylation change was seen at 168 hours (7 days; P Ͻ 0.05), displaying positively shrunken values for these 70 loci. C, methylation heat map of the 21 selected ER␣ loci at different time periods after siRNA treatment. These loci were selected because a threshold (threshold ϭ 2; error rate Յ 0.3) from cross-validation showed fewer errors in methylation microarray experiments. As shown, DNA methylation of these loci accumulates progressively over time (168 hours) after the siRNA treatment. Data shown here represent three independent microarray experiments. D, methylation heat map of the top 12 methylated ER␣ loci in ER␣-negative tumors. Microarray-based DMH was conducted in these clinical samples as described in the text. The derived microarray data were analyzed by the shrunken centroids method.
indicates more methylation during the treatment, whereas a negative value indicates less methylation. This shrunken centroids map revealed that de novo DNA methylation can be detected in a subset of ER␣ targets 168 hours after siRNA treatment, but not in cells treated for only 24 or 36 hours after treatment.
To validate the findings of the shrunken centroid analysis, unsupervised cluster analysis was performed on the microarray data, using the top 21 methylated loci selected by machine training ("heat map" shown in Fig. 5C ). The result reaffirms the shrunken centroid data in that replicates of each treatment type are clustered together and that the level of methylation increased with the extent of siRNA treatment. A paired t test revealed that the methylation status of these 21 loci was significantly different (P Ͻ 0.05) between the mock-treated (ER␣-positive) and siRNA-treated (ER␣-negative) cells.
This microarray observation was independently validated by conducting expression and DNA methylation analyses on three newly identified ER␣ downstream targets, TRIP10, Kr-Znf1, and DCC. In general, the decreased levels of these mRNAs preceded the emergence of DNA methylation at their respective promoter CpG islands (Fig. 6A  and B) . This epigenetically mediated silencing also indirectly influenced the expression of MTA3, a gene known to be regulated via a downstream ER␣ target and to participate in Mi-2/NuRD nucleosome remodeling ( Fig. 6B; ref. 39 ).
DNA Methylation of ER␣ Downstream Targets is Preferentially Observed in ER␣-Negative Tumors.
We next determined whether this in vitro finding could be seen in vivo. DMH was therefore conducted using the aforementioned 32 primary breast tumors and 7 normal controls. The derived microarray data were then analyzed by the shrunken centroid method. Although the methylation results of these 70 ER␣ target loci did not clearly segregate tumor samples into subclasses, we observed a general trend that methylated loci appear more frequently in ER␣-negative tumors than in ER␣-positive tumors (P Ͻ 0.05). Fig. 5D presents a heat map of the 12 most methylated loci in the studied breast tumors. As shown, we observed higher overall methylation in the ER␣-negative tumors (6 of 16 tumors had Ͼ40% methylation in the loci analyzed) than in the ER␣-positive tumors (only 1 of 16 tumors achieved the same level of methylation). Also, the total number of loci showing DNA methylation was greater in ER␣-negative tumors, when compared with ER␣-positive tumors. Only four loci showed a low level of methylation in normal breast samples. Methylation analysis by MSP was further conducted for TRIP10 in these breast samples (Fig. 6C) . Consistent with the microarray finding, TRIP10 promoter hypermethylation was detected in 50% (8 of 16) of ER␣-negative tumors but in none of the 16 ER␣-positive tumors analyzed ( 2 test, P Ͻ 0.005).
DISCUSSION
Understanding the sequence of how complex epigenetic events are established can provide important insights into the molecular mechanisms underlying gene silencing in cancer. However, the "chicken and egg" issue of which comes first, DNA methylation, histone modification, or others, is an ongoing debate in the epigenetic research community. Many early studies of this issue come from nonmammalian systems. Mutations in a histone methyltransferase specific for H3-K9 resulted in loss of DNA methylation in Neurospora crassa (15, 16) , suggesting that histone methylation can initiate DNA methylation. In Arabidopsis, it has been shown that CpNpG methylation depends on a histone H3 methyltransferase (40) , also indicating that histone methylation can direct DNA methylation. New evidence suggests that the reverse scenario can occur in heterochromatin (41) . In this case, a self-reinforcing system is implemented, allowing for feedback from DNA methylation to histone methylation for the longterm maintenance of a heterochromatin state in a gene (41) . However, this epigenetic paradigm remains to be explored in mammalian systems. Earlier studies have shown that in vitro methylated transgenes can be targets for methyl-CpG-binding proteins, which in turn recruit repressor complexes containing histone deacetylases (17, 18) . Fahrner et al. (19) suggested that DNA methylation of hMLH1 can specify unique histone codes for the maintenance of a silenced state. They detected methyl histone 3-lysine 9 in the DNA methylated, transcrip- Fig. 6 . Methylation and expression analysis of ER␣ target genes. A. For methylationspecific PCR assays, bisulfite-treated DNA samples from siRNA-or mock-treated cells were used for amplification with specific primers for TRIP10 and Kr-Znf1, respectively. 32 P-labeled PCR products for unmethylated (Lanes U) and methylated (Lanes M) DNA strands were separated and displayed on 6% polyacrylamide gels (left panels). Messenger RNA levels of these genes were measured by quantitative real-time RT-PCR (right panels) and normalized using GAPDH mRNA expression levels, as described in the text. Results from three independent experiments are shown as means Ϯ SE. The expression level of these genes was significantly reduced by the siRNA treatment (paired t test, P Ͻ 0.017 for TRIP10 and P Ͻ 0.048 for Kr-Znf1). B. For DCC and MTA genes, COBRA was used to measure DNA methylation. Bisulfite DNA samples were amplified and digested with BstUI enzyme and separated on polyacrylamide gels. The digested DNA fragments shown by arrows reflect methylation at the BstUI restriction sites within the DCC promoter CpG island (left panels). Messenger RNA levels of these genes were measured by quantitative real-time RT-PCR (right panels) and normalized using GAPDH mRNA expression levels, as described in the text. Results from three independent experiments are shown as means Ϯ SE. The expression level of these genes was significantly reduced by siRNA treatment (paired t test, P Ͻ 0.03 for DCC and P Ͻ 0. tionally silenced promoter CpG island of hMLH1 in a cancer cell line. Treatment with the DNA demethylating agent 5-AzadC alone, but with not the histone deacetylase inhibitor trichostatin A, resulted in reversal of this repressive histone modification. Taken together, these reports, as well as other studies, imply that in contrast to other organisms, histone modifications may be secondary to DNA methylation in initiating gene silencing in mammalian cells (17, 18, 20, 42) .
A study by Bachman et al. (43) , however, presents a different view with respect to the silencing of the p16 gene in an experimental system using somatic knockout cells. These authors suggest that chromatin modifications are not totally dependent on prior DNA methylation to initiate gene silencing. In support of this observation, Mutskov and Felsenfeld (44) have recently demonstrated that histone modifications are the primary event associated with the silencing of a transgene, ILR2. In this case, a gradual increase in DNA methylation density in and around the ILR2 promoter was observed after transfection. In contrast to previous observations, these two recent studies therefore suggest that DNA methylation sets up an epigenetic "mark" for the maintenance of long-term silencing, rather than initiating it. Clearly, this epigenetic process is complex and multifaceted, and it is possible that the sequence of epigenetic events for establishing and maintaining the silenced state of a gene can be locus or pathway specific.
The present study suggests that gene inactivation and histone modifications occur before DNA methylation at some ER␣ target loci. Depicted in Fig. 7 is a hypothetical gene containing an ERE site within the promoter area, the active transcription of which is directly dependent on estrogen signaling. On the removal of this signaling, down-regulation of this gene occurs immediately. Transcriptional repressors (e.g., polycomb proteins) and histone deacetylases are then assembled to its promoter to initiate long-term transcriptional repression. Subsequent recruitment of DNA methyltransferases to the repressor complex methylates CpG sites in the adjacent area. This process may be gradual, with methylation density increasing over time in the targeted area (see the heat map in Fig. 5C ). The buildup of DNA methylation could set up a heritable mark that may eventually replace some of the original repressors to establish a heterochromatin state of long-term silencing. In this case, reactivation of ER␣ target genes could no longer be achieved by reestablishing estrogen signaling alone (see the example of PR in Fig. 4A) ; it also requires DNA demethylation. In addition to the PR gene, we suggest that establishment of epigenetic memory may occur in other critical ER␣ downstream loci in some breast cancer cells.
The occurrence of DNA methylation in a pathway-specific manner also has a new implication. Altered DNA methylation was originally thought to be a generalized phenomenon arising from a stochastic process in earlier studies (45, 46) . This random methylation in tumor suppressor genes at their promoter CpG islands, thus silencing their transcripts, would provide tumor cells with a growth advantage. The specific epigenetic patterns observed in particular cancer types would therefore be derived from clonal selection of the proliferating cells. Some studies (26, 47, 48) , however, have indicated that this epigenetic event is not random and that remodeling of the local chromatin structure of a gene may influence its susceptibility to specific DNA methylation. The present study provides some answers to this conundrum. Here we show that dysregulation of normal signaling in cancer cells may result in stable silencing of downstream targets, maintained by epigenetic machinery. This implies that the altered epigenetic condition is pathway specific, rather than a stochastic process in the ER␣ signaling pathway.
In conclusion, the present study implicates, for the first time, epigenetic influence (i.e., chromatin remodeling and DNA methylation) on transcription of ER␣ downstream target genes and thus provides a new direction for research in this classical signaling pathway. Unlike irreversible genetic damage, epigenetic alterations are potentially reversible, providing an opportunity for therapeutic intervention in breast cancer. Histone deacetylase inhibitors, alone or together with DNA demethylating agents, may represent novel treatment approaches that could be combined with currently available chemotherapies. Our experimental evidence therefore provides a rationale for such treatment strategies designed to alter aberrant epigenetic processes in hormone-insensitive but receptor-positive breast tumors. 
